INTRODUCTION
Structural colors have evolved in a myriad of animals and plants and result from the wavelength-selective scattering of incident light by structures with periodicities measuring from tens to hundreds of nanometers (1) (2) (3) . Such colors are typically more vibrant and visually arresting than those produced via pigmentation (4) and are often multifunctional, playing important roles in intraspecific sexual signaling, aposematism, and crypsis (5) (6) (7) . Lepidoptera exhibit in their scales some of the most diverse structural colors produced by insects, with this diversity undoubtedly having contributed to the evolutionary success of the order (4, (8) (9) (10) (11) . Four types of wing scale covering are present in modern lepidopterans (12) , among which, the type 1 bilayer scale covering (in which a layer of large fused cover scales overlies a layer of smaller fused ground scales) is widespread in the most basal extant lepidopterans (12) . The color of lepidopteran wings is typically attributed to cover scales [but see the studies of Vukusic et al. (13) and Stavenga et al. (14) ]; ground scales in many modern lepidopterans contain pigment that absorbs excess light transmitted by the cover scales, thus enhancing the spectral purity of the structural color (14, 15) . Unlike in other types of scale vestiture, that is, those featuring hollow scales, photonic structures in the type 1 bilayer arrangement are restricted to the abwing (upward-facing) surface of cover scales.
Despite sustained interest in the structure, development, and photonic and other biomimetic properties of lepidopteran scales in neontological studies (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , and recent research into structural colors in fossil beetles (23, 24) and feathers (25, 26) , the deep evolutionary history of scales and structural colors in lepidopterans is poorly understood. Fossil wing scales have been reported from Mesozoic and Cenozoic compression fossils and amber, but the ultrastructure of most of these fossil scales has not been characterized (27) (28) (29) (30) (31) (32) . The only photonic nanostructures reported in fossil insect scales are from fossil lepidopterans from the Eocene Messel oil shale, Germany (9) , and a single weevil from the Pleistocene of Gold Run, Canada (33) . The fossil record has the potential to preserve photonic structures in scales; the record of lepidopteran scales is now known to extend to the latest Triassic (34) , confirming the feasibility of reconstructing the evolution of photonic structures in this group. Specific questions about the evolution of Lepidoptera are as follows: Were photonic structures present in the earliest lepidopterans, and are they part of the groundplan of lepidopteran scales?
Here, we report scale architectures preserved both in diverse Jurassic lepidopterans from Europe and Asia and in mid-Cretaceous Tarachoptera from Burmese amber [99 million years (Ma) ago] and compare them to those of extant primitive lepidopterans. We use optical microscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and confocal laser scanning microscopy (CLSM) to reveal the gross morphology and ultrastructure of the scales. Using the ultrastructural parameters identified in Jurassic specimens, we demonstrate the use of optical modeling to describe the theoretical optical properties of the type 1 bilayer scale arrangement, thus providing the earliest evidence of structural colors in the insect fossil record.
RESULTS

Wing scales of Jurassic Lepidoptera
We characterized the arrangement, shape, and fine ultrastructure of scales of six fossils from the United Kingdom, Germany, Kazakhstan, and China (representing a substantial portion of known Jurassic lepidopterans) using optical microscopy and SEM (Fig. 1) . Before the recent discovery of fossilized lepidopteran scales in latest Triassic sediments from northern Germany (34), Archaeolepis mane (Archaeolepidae) from the Lower Jurassic of Dorset in England was the oldest known lepidopteran (35) . This lepidopteran exhibits dense scale coverage on the 5.5-mm-long forewing (Fig. 1, A to C, and fig. S1 , A to E). Two types of scale occur: cover scales 100 to 110 mm long and ground scales 76 to 82 mm long ( Table 1 ). The surface of each cover scale exhibits 20 to 25 longitudinal parallel ridges 1.8 to 2.0 mm apart (Fig. 1C) . SEM and optical microscopy (under ultraviolet illumination; fig. S1C ) show that the wing scales are elongate-spatulate with a rounded apical margin (Fig.  1C) ; this geometry is identical to that of certain extant Micropterigidae (a family of primitive moths; Fig. 1K ) and does not occur in other extant lepidopterans. Similarly, four specimens (possibly Eolepidopterigidae), one from the Upper Jurassic of Kazakhstan (PIN2239/607) (36) and three from the Lower Jurassic of Germany (LGA968, LG1500, and LGA2150) (37, 38) , show dense spatulate scales on the forewings (figs. S2 and S3, E to H). Specimen PIN2239/607 has cover and ground scales 100 to 110 mm and 48 to 53 mm long, respectively (Table 1) ; the cover scales exhibit 23 to 28 longitudinal parallel ridges that extend slightly beyond the apical margin of the scale (Fig. 1F) . The microstructure between the parallel ridges of these scales is not preserved clearly in these compression fossils. In addition, we investigated 16 well-preserved lepidopterans from the Middle Jurassic of Daohugou, China. Although fossil insects from Daohugou are famous for their excellent macroscopic preservation (39, 40) , the Daohugou lepidopterans (Mesokristenseniidae) preserve only faint traces of wing scales ( fig. S1 , F and G).
Specimen LG1500 (possibly Eolepidopterigidae; Lower Jurassic of Germany), preserved as an external mold (impression), reveals the Herringbone patterning is present only in the three most primitive extant families of Lepidoptera (Micropterigidae, Agathiphagidae, and Heterobathmiidae) (12, 41, 42) . The cover scales of the Jurassic lepidopterans studied here are, however, distinctly different from those of Agathiphagidae: The latter have a deep apical notch, and their parallel ridges are more narrowly spaced (distances less than 2 mm) (43). The scales in the Jurassic fossils are broadly similar in morphology to those of extant Heterobathmiidae but lack the interridge plates present in the latter (12) . In addition, the arrangement and ultrastructure of these fossil scales differ from those of known examples in extant Trichoptera (caddisflies, which are closely related to Lepidoptera) (44, 45) . The scales do, however, closely resemble those of certain extant Micropterigidae, notably Micropterix aruncella and Micropterix calthella (46), which both exhibit broadband, metallic hues.
Optical modeling
To reconstruct the approximate color of the fossil cover scales of Jurassic lepidopterans, we performed optical modeling. Our model comprised a simplified two-dimensional geometry of the fused cover scale ultrastructure, with crossrib and herringbone crest periodicities measured directly from SEM images of specimen LG1500 ( Fig. 1I  and fig. S3 , C and D). The simulations demonstrate that the overall optical response includes strong coherent scattering ( Fig. 2A) . At normal incidence, zeroth-order diffraction (producing thin-film interference-like effects) from the modeled scale geometry shows broadband coloration, with an intensity of approximately 7 to 8% for wavelengths above 500 nm (Fig. 2B , solid lines). This response is sensitive to the polarization state of the incident light: Fig. 2B shows both the transverse electric (TE) and transverse magnetic (TM) cases, for which the electric field is linearly polarized parallel or perpendicular to the longitudinal ridges, respectively.
There are three distinct peaks in the TE response with maxima at about 460, 525, and 690 nm (the last is significantly broader and weighted toward the long-wavelength band edge) (Fig. 2B , solid blue line). The intensity of these peaks increases with increasing wavelength, although the short-wavelength peak (460 nm) is considerably less intense, illustrating the relatively weak reflectance of blue wavelengths. The broad peak at 690 nm exhibits a small, but sharp, dip at approximately 640 nm that corresponds to the onset of diffraction imposed by the periodicity of the longitudinal parallel ridges. Additional minor dips in the thin-film-like response at shorter wavelengths also correspond to peaks in first-order diffraction (Fig. 2B, dashed blue line) .
Although the TM response is similar in intensity to that modeled for the TE case, the former exhibits fewer distinct spectral peaks. Specifically, the TM case shows a steady increase in the zeroth-order reflectance above 500 nm, with a maximum at approximately 650 nm (a small dip attributed to diffraction from the parallel ridges from 650 to 670 nm) and a plateau for wavelengths extending beyond 700 nm into the near infrared (Fig. 2B , solid red line). Together, the TE and TM thin-film interference-like contributions produce broadband structural color at normal incidence.
Higher-order diffraction effects, a result of the periodicity imposed by the longitudinal parallel ridges, are less intense. This is shown here for the first-order diffraction term only (Fig. 2B, dashed lines) ; however, many low-intensity higher-order diffraction effects occur. The higherorder diffracted modes are scattered away from the surface normal and thus increase the angular range over which light is scattered, affecting the directionality of the color. Consequently, diffractive scattering by the parallel ridges maintains the scales' broadband color appearance with respect to viewing angle: There is minimal blue shift in the spectral features with increasing angle of incidence (Fig. 2, C and D) .
We also performed optical simulations to investigate how the photonic properties (scale thickness, ridge height, and ridge pitch) of these Jurassic fused cover scales respond to alterations in several structural parameters ( fig. S5 , A to C). A strong photonic response is optimized with a scale thickness of 100 to 150 nm coupled with a parallel ridge height exceeding 0.5 mm. Increasing the pitch of the parallel ridges results in a red shift of the spectral features. This shift is clearest for the high-intensity, long-wavelength peak (maximum at 690 nm for default parameters).
In summary, our optical simulations of Jurassic lepidopteran scales demonstrate that the presence of longitudinal parallel ridges alone is sufficient for these scales to produce coherent optical scattering, which, 
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with the appropriate structural parameters, can manifest as broadband, metallic hues comparable to those observed in extant Micropterigidae (Fig. 2E ).
Wing scales of Tarachoptera
Tarachoptera is a newly erected stem group of Amphiesmenoptera (which also includes Lepidoptera and Trichoptera) that potentially provides important information on the origin and groundplan of wing scales in Lepidoptera (47) . Using optical microscopy, TEM, and CLSM, we examined the wing scales of two newly discovered tarachopteran specimens from mid-Cretaceous Burmese amber. The most notable feature of these newly discovered fossils is the dense arrangement of small scales, 30 to 50 mm long, on both the forewing and hind wing (Fig. 3) . In Lepidoptera, the minimum individual scale length reported to date is 40 mm in a nepticulid moth, and the minimum average scale length is 60 mm for an archaic micropterigid moth (48) . Thus, despite tarachopterans having both larger wings and bodies than extant micropterigids, the fossil tarachopteran scales are smaller than those in extant lepidopterans. This refutes the suggestion that a lower scale size limit was an important factor preventing the miniaturization of lepidopterans (49) . The fossil tarachopteran scales consist of a basal pedicel plugged into a socket and an elongate, spatulate main body with an acute apical margin (Fig. 3, D and E) . They are distinctly different from other primitive lepidopteran scales, which have rounded or scalloped apical margins (8) . The surface of each tarachopteran scale exhibits 8 to 10 longitudinal parallel ridges 2 to 3 mm apart that merge apically into the distal margin; this again contrasts with extant primitive lepidopteran scales, where the ridges form short projections beyond the scale margin (12, 50) . The wing scale exhibits no windows or perforations between the parallel ridges (Fig. 3, C and E) . Furthermore, the results of CLSM and TEM show that the cross section of the main body of the scales consists of a solid, homogeneous plate (Fig. 3, F to H) . All the fossil tarachopteran wing scales are slightly arched whereby the concave side faces the wing membrane, which is densely covered by tubercles (Fig. 3C) . Setae are dispersed randomly among the scales on both wings (Fig. 3B) , which is a primitive condition retained in most basal lepidopterans (12) .
DISCUSSION
Photonic structures and structural colors of Jurassic lepidopteran Our data confirm the potential of both compression and impression fossils to preserve ultrastructural details of lepidopteran scales. The forewing scales of the Jurassic lepidopterans demonstrate remarkable morphological similarities to those of extant Micropterigidae; both have a type 1 bilayer arrangement, an elongate-spatulate shape, and herringbone crests. Furthermore, these results confirm that Jurassic lepidopterans had photonic nanostructures in their scales and thus exhibited structural colors.
Our optical simulations reveal that the photonic behavior of the fused cover scale architecture in both the extant micropterigids and the Jurassic fossils is driven by the interplay of the spatial periodicities of the longitudinal parallel ridges (mean pitch, 1.9 mm), crossribs (mean pitch, 140 nm), and herringbone crests (mean pitch, 280 nm). Structural periodicity in the plane of the scale surface gives rise to diffractive scattering, whereas periodicity perpendicular to the scale surface leads to thin-film interference. The latter tends to dominate where multiple lamellar components interfere constructively. In the Jurassic fossils studied here, the cover scales comprise a single fused laminar plate with additional ultrastructural elements protruding from the abwing surface. As a result, diffractive scattering contributes significantly to the scales' photonic properties. The coloration of the bright gold patches on the wings of the extant moth Thysanoplusia orichalcea (Noctuidae: Argyrogrammatini) is similarly attributed to diffraction effects (51) . The 140-nm crossrib pitch measured here for specimen LGA1500 corresponds directly to that measured for T. orichalcea (51) . Herringbone crests are a distinctive structural characteristic of the cover scales of the lepidopteran fossils described here and, also, gold-colored scales in certain extant Micropterigidae. Given that herringbone crests are absent in gold-colored scales in other lepidopterans, they are most likely not a major determinant of the broadband, metallic hues displayed by species in this group. For example, both higher lepidopterans, such as the aforementioned T. orichalcea, and primitive glossatans that have the type 1 bilayer scale arrangement [for example, Eriocrania semipurpurella (50)] achieve broadband, gold-like structural colors despite lacking herringbone crests. Our modeling illustrates that periodic ultrastructures in Jurassic lepidopteran scales could, nevertheless, produce broadband, metallic colors similar to those in extant Micropterigidae (52, 53) , for example, M. aruncella and M. calthella ( fig. S6 ). Before this study, the earliest record of structural color in insects was reported in fossil moths from the Eocene Messel oil shale, Germany (9). Our discovery therefore extends the known geological range of insect structural colors by at least 130 Ma.
Groundplan and early evolution of Lepidoptera Lepidoptera and Trichoptera are thought to have diverged from a necrotauliid-like ancestor in the latest Triassic (54, 55) . This indicates that Tarachoptera with a single-layer scale covering evolved before the Jurassic (Fig. 4) . The fossil tarachopteran scales exhibit a unique suite of characteristics, including their small size, elongate-spatulate shape, ridged ornamentation, and irregular arrangement; these features may indicate previously unknown, more archaic conditions (relative to wing scales of extant primitive moths) (Fig. 4A) .
Except for members of the Agathiphagidae (which have hollow cover scales and fused ground scales) (43, 54, 56) , most basal lepidopterans have fused scales that lack perforations and/or windows (50) . In more derived lepidopterans, the scales are hollow and have windows and/or perforations on the abwing surface (12) . Although most basal lepidopterans have fused wing scales (12) , developmental biology studies suggest that the primitive lepidopteran scale should be hollow because it originates from a cylindrical hollow bristle (15, 57) . Our data, however, show that tarachopteran scales were fused and that early lepidopterans had a type 1 bilayer scale covering. These observations support the hypotheses that fused wing scales and the type 1 bilayer scale arrangement are groundplan features of Lepidoptera (8) .
In summary, our study confirms that the earliest lepidopterans had in their cover scales photonic structures that likely produced metallic broadband colors via a combination of thin-film interference-like and diffraction mechanisms. Our data also demonstrate that the type 1 bilayer scale vestiture and herringbone crossribs (groundplan features of Lepidoptera) found in basal extant lepidopterans had already evolved by the mid-Jurassic (Fig. 4) . These findings have broader implications: The widespread occurrence of wing scales in Jurassic lepidopterans and in tarachopterans strongly suggests that wing scales (including some possibly unknown morphotypes) were widespread in stem Amphiesmenoptera before their apogee in the Lepidoptera. Given the presence of structural coloration in these basal fossil lepidopterans, the advent of major lepidopteran clades by the Cretaceous [but see the study of van Eldijk et al. (34) ] raises the possibility that this taxonomic radiation may have been accompanied by increased diversity in scale shape, microstructure, and optical effects (Fig. 4) . Future studies will characterize the optical response of scale nanostructures in other fossil specimens and will provide evidence for the presence of scale pigments in fossil lepidopterans to inform models of the evolution of structural colors in lepidopterans.
MATERIALS AND METHODS
Materials and depository
The Burmese amber (NIGP164785 and NIGP164786) and Daohugou (NIGP150462) specimens are deposited in the Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences; the specimen from the United Kingdom (NHMUK In. 59397) is at the Natural History Museum in London, and the archive image ( fig. S1C ) was taken by P. York at the Natural History Museum; three specimens from Germany (LGA968, LGA1500, and LGA2115) are at the Museum für Naturkunde, Humboldt University; and the specimen from Kazakhstan (PIN2239/607) is at the Paleontological Institute, Russian Academy of Sciences.
Optical microscopy
To reduce the optical distortion caused by the refractive index contrast between amber and air, we sandwiched the amber specimens between two coverslips and filled the space with glycerol. Photographs were taken using a Zeiss Stereo Discovery V16 microscope system at the State Key Laboratory of Palaeobiology and Stratigraphy, Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences. In most instances, incident and transmitted light were used simultaneously. All images are digitally stacked photomicrographic composites of approximately 50 individual focal planes obtained using the free software CombineZP for better illustration of the three-dimensional structures.
Confocal laser scanning microscopy Photomicrographs with green background were taken using a CLSM Zeiss LSM710 with ×63 and ×40 objectives and a laser at 488 nm at the State Key Laboratory of Palaeobiology and Stratigraphy, Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences. To get higher-resolution images, the two amber specimens (NIGP164785 and NIGP164786) were polished to a thickness of 1.1 mm. Fortunately, a cross section of the forewing with scales was exposed in specimen NIGP164786, allowing examination of a transverse section of the main body of the scales.
Scanning electron microscopy
Scanning electron micrographs of the Kazakhstan specimen PIN2239/ 607 (Fig. 1, E and F, and fig. S2 ) were obtained by analyzing the uncoated specimen with a LEO1530VP variable pressure scanning electron microscope at an accelerating voltage of 15 kV at the State Key Laboratory of Palaeobiology and Stratigraphy, Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences. SEM images of wing scales of extant Micropterigidae (Fig. 1, K and L) were obtained using dehydrated, gold-coated tissue samples. SEM images of specimen NHMUK In. 59397 (Fig. 1, B and C, and fig. S1 , D and E) were obtained using a LEO 1455VP variable pressure scanning electron microscope at an accelerating voltage of 20 kV at the Natural History Museum, London. SEM images of the Grimmen specimen LGA1500 (Fig. 1, H and I, and figs. S3, B to D, and S4) were obtained using a Zeiss EVO LS10 scanning electron microscope at an accelerating voltage of 10 kV after gold coating at Greifswald University.
Transmission electron microscopy
The cross-sectioned scale was gently isolated from a broken piece of specimen NIGP164786 using a scalpel and then embedded in Epon-812 resin. The embedded specimens were polymerized at 35°C for 24 hours, then at 40°C for 48 hours, and finally at 60°C for 48 hours. The ultrathin section was prepared using a PowerTome XL ultramicrotome and mounted on a carbon-coated copper grid. The section was imaged using a JEM-1400Plus transmission electron microscope (at 80 keV) at the State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences.
Optical modeling
Optical modeling was performed using COMSOL Multiphysics 5.2a (www.comsol.com), a commercial finite element method software package. A simple two-dimensional U-shaped periodic structure representative of the fossil specimen LGA1500 (Fig. 1, G to I ) was constructed by repeating the unit cell geometry (Fig. 2A) . The pitch of the longitudinal parallel ridges was determined directly from SEM images of the structure (Fig. 1I and fig. S3, C and D) . The crossrib pitch is sufficiently small relative to visible wavelengths such that incident light interacts with the abwing surface of the scale (in the interridge areas) as though it were homogenous. As a result, zeroth-order diffraction occurs, which contributes to the specular reflectance as opposed to scattering incident light to higher angles. Furthermore, higher-order diffractive scattering attributable to the crossrib pitch is negligible, thus justifying our approximation of the photonic response via a simple two-dimensional geometry. Details of other structural parameters in the model used data from previous studies: A complex refractive index, n* = 1.56 + 0.06i, was used for the specimen's chitinous cuticle (13, 58, 59 ); a default thickness of 100 nm was used for the scale cuticle (8, 51) ; and the default parallel ridge height was set to 500 nm (8, 51) . Considering the fused scale morphology, the refractive index was assumed to remain constant throughout the scale. The simulations presented here correspond to the optical scattering of an unpolarized plane wave at normal incidence unless otherwise indicated. Incident wave polarizations were defined as TE (TM) electric field linearly polarized parallel (perpendicular) to the longitudinal ridges, and the surface normal for the plane of incidence for off-normal excitation conditions was defined as parallel to the longitudinal ridges.
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